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A B S T R A C T
A freestanding sulfur/dehydrogenated polyacrylonitrile/multiwalled carbon nanotube composite
(S/DPAN/MWCNT) was prepared by a simple vacuum ﬁltration of a mixture of S/DPAN composite and
MWCNT suspensions, and studied as a cathode for high performance lithium-sulfur batteries. SEM and
EDS analysis revealed uniform distribution of sulfur in a conductive pyrolyzed polyacrylonitrile host
matrix with MWCNT integrated into the composite. Self-weaving MWCNT create an electronically
conductive network and reinforce structural stability of the system, leading to an outstanding
electrochemical performance of the composite cathode. Binder/current collector-free composite cathode
exhibits high capacities of 1450 mAh g1 at 0.2 C and 930 mAh g1 at 2 C charge-discharge rates. A high
discharge capacity of 1250 mAh g1 is achieved after 260 cycles at 0.2 C with a coulombic efﬁciency
around 100%.
ã 2016 Elsevier Ltd. All rights reserved.
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Rapid technological development demands advanced compact
energy storage systems to fulﬁll a performance gap between
currently available batteries and modern portable electronic
devices and, especially, electric vehicles. Conventional lithium-
ion batteries (LIBs), based on intercalation cathodes, have limited
energy density, are expensive and toxic due to use of heavy metal
based electrodes. Therefore, lithium/sulfur (Li/S) batteries with
their high theoretical speciﬁc capacity of 1672 mAh g1 and
theoretical energy density of 2600 Wh kg1 are considered as
an attractive and promising candidate to overcome these draw-
backs and be utilized for the aforementioned applications [1,2].
Furthermore, abundance and low cost of sulfur offer the
opportunities for a signiﬁcant cost reduction of energy storage
[3,4]. However, practical application of Li/S batteries is hindered by
the complexity of this electrochemical system. First of all, sulfur is* Corresponding author at: Institute of Batteries LLC, School of Engineering,
Center for Energy and Advanced Materials Science, Kabanbay Batyr Ave. 53, Astana
010000, Kazakhstan.
E-mail address: zbakenov@nu.edu.kz (Z. Bakenov).
http://dx.doi.org/10.1016/j.electacta.2016.09.082
0013-4686/ã 2016 Elsevier Ltd. All rights reserved.an electrical insulator, which leads to a poor electrochemical
accessibility and low utilization of sulfur in electrodes [5]. Another
major problem is a solubility and shuttling phenomenon of long
chain lithium polysulﬁdes (Li2Sn, 4  n < 8) in conventional organic
electrolytes, which causes a rapid irreversible loss of sulfur from
the cathode over repeated cycles, and deposition of products of
their transformation on the anode, leading to both electrodes
degradation [6]. A variety of strategies has been employed in order
to address the aforementioned problems and improve perfor-
mance of sulfur cathode, such as loading sulfur into mesoporous/
microporous carbon or coating with a conductive polymer,
encapsulating sulfur into various types of carbon materials
including carbon nanotubes, micro/mesoporous carbon, graphene
or graphene oxide, and hollow carbon spheres [6–9].
Wang et al. [10–12] reported on a molecular-level composite, in
which sulfur atoms are embedded in pyrolyzed (dehydrogenated)
polyacrylonitrile (DPAN) matrix, as a composite cathode for
rechargeable polymer lithium batteries. The composite showed
excellent performance and exhibited capabilities to effectively
overcome the abovementioned problems of sulfur cathode. In
particular, it was demonstrated that sulfur can be ﬁrmly ﬁxed on
the p-conjugated co-plane hetero-ring of (DPAN)-derived back-
bone by heating a mixture of sulfur and PAN, resulting in a high
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In order to further increase the sulfur content and utilization of
active material, S/DPAN can be incorporated with CNT, graphene
[15,16] and added with the metal oxides [17] to form multi-
composites. Indeed, it was shown that such multi-composites do
present an improved electrochemical performance as a cathode for
Li/S battery.
Although utilization of sulfur, namely, the available capacity per
unit mass of sulfur has been improved by these methods, the
addition of conducting additives and binding agent results in a
signiﬁcant reduction of overall gravimetrical capacity of sulfur
composite cathode. Furthermore, conventional lithium-ion batter-
ies use metallic current collectors for cathodes, such as aluminum
foil (5.0 mg cm2), which leads to a lower mass fraction of
electrochemically active material with respect to the whole
electrode [18]. In common slurry-casting methods, the binders,
such as PVDF and PTFE, are required at the ratio of 10 wt% or above
to ensure strong mechanical integrity between the electrode
components: active material, conductive additive, and current
collector [19], which again reduces the mass fraction of the
electrochemically active material. Thus, elimination of binder and
current collector via forming a freestanding electrode could
remarkably improve the energy density of batteries [20].
Recently, sulfur-based cathode preparation without using
heavy metal-based current collectors and inactive polymeric
binders were suggested, such as sulfur inﬁltration into activated
carbon ﬁber cloth or paper [21,22], S-CNT composite inﬁltration
into activated carbon ﬁber paper [23], composing of pristine Li2S
powder between two layers of self-weaving CNT electrodes to form
sandwiched cathode conﬁguration [24], combining reduction-
triggered assembly and evaporation-induced drying to form highly
dense graphene-sulfur assembly [25]. One of the strategies is to
conﬁne sulfur in CNT and graphene self-weaving matrix, which
functions as a conductive pathway and provides efﬁcient physical
conﬁnement or chemical bonding to trap the soluble polysulﬁdes
during cycling. CNT and graphene are mainly applied in
freestanding electrodes as the scaffold materials due to their
electrochemical activity, good mechanical properties, large surface
area and ﬂexibility [26–30]. They improve the active material
utilization and cycle performance due to the absorption ability of
the composite cathode framework. However, in the majority of the
reported preparation methods of CNT/graphene-based sulfur
composites as electrode materials, large amounts of these
expensive carbon materials and nano-sized sulfur are required
to assure mechanical integrity and electrical connectivity of the
composite.
Therefore, combination of two above-mentioned approaches,
preparation of sulfur/conductive polymer molecular level com-
posite and its incorporation with a self-weaving carbon skeleton,
could be an effective and promising way to design a ﬂexibleFig. 1. Schematics of preparation of freestandfreestanding cathode to improve the energy density of Li/S cell.
Sulfur/conductive polymer composite can be effective to relieve
the polysulﬁdes dissolution, while MWCNT maintain the overall
electrode integrity and its high conductivity.
In this work, a freestanding sulfur/dehydrogenated polyacrylo-
nitrile/multiwalled carbon nanotube composite (S/DPAN/MWCNT)
was prepared by a simple vacuum ﬁltration of a mixture of S/DPAN
and MWCNT suspensions. This design efﬁciently utilizes the
synergistic effect of ability of conductive pyrolyzed polyacryloni-
trile matrix to covalently bind sulfur, providing its uniform
distribution, and a high conductivity of the MWCNT network
with excellent mechanical stability. This technique is simple and
energetically beneﬁcial due to processing in aqueous media and
exclusion of prolonged mechanical mixing procedures.
2. Experimental section
2.1. Materials
Sulfur (98%, GOST 127.1, Tengizchevroil, Kazakhstan), polyacry-
lonitrile (average molecular weight 150,000, J&K Scientiﬁc),
multiwalled carbon nanotubes (US Research Nanomaterials,
Inc.), TWEEN 85 (Sigma-Aldrich), concentrated sulfuric acid
(98%, Sigma-Aldrich), concentrated nitric acid (63%, Sigma-
Aldrich) were used as received without further puriﬁcation.
Deionized water was used in materials preparation experiments.
2.2. Preparation of freestanding S/DPAN/MWNCT cathode
Sulfur and PAN were mixed in a weight ratio of 4:1 and heat-
treated at 300 C for 3 h in a tube furnace in nitrogen to form a
molecular level composite S/DPAN as described elsewhere [31].
MWCNT was dispersed in a mixture of concentrated H2SO4 and
HNO3 with a volumetric ratio of 1:3. The suspension was reﬂuxed
and stirred at 90 C for 3 h. Further, the MWCNT was ﬁltered on
fritted glass funnel and washed with deionized water until a stable
pH of washed solvent of about 6 was reached [32]. Preparation of
the freestanding S/DPAN/MWCNT binder-free cathode is schemat-
ically presented in Fig. 1. S/DPAN composite and activated MWCNT
were dispersed in deionized water with addition of a few drops of
TWEEN 85 surfactant using a magnetic stirrer. The dispersion was
ultrasonicated for 5 hours. The resulting dispersive mixture of S/
DPAN/MWCNT were vacuum ﬁltered on cellulose nitrate ﬁlter
(Sartorius Stedum), rinsed with deionized water and dried in a
vacuum oven at 60 C for 12 h. In a reference experiment, sulfur
was ball-milled at 600 rpm for 3 h (Planetary Micro Mill
Pulverisette 7, Fritch), dispersed in deionized water with adding
a few drops of TWEEN 85 surfactant and treated in the same way as
the S/DPAN composite dispersion to prepare a freestanding
cathode with the same sulfur content.ing S/DPAN/MWCNT composite cathode.
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Fig. 2. XRD patterns of sulfur, MWCNT, PAN, S/MWCNT, S/DPAN with different
sulfur content, and S/DPAN/MWCNT composite cathode.
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Crystal structure analysis of the samples was carried out by
X-ray diffraction (XRD, Rigaku SmartLab). The morphology of the
materials was investigated using scanning electrone microscopy
(SEM, FE-SEM JSM 7500F) and SEM with energy-dispersive
spectroscopy (EDS) (UHR FE-SEM SU9000); the sulfur content
was determined using chemical analysis (CHNS, Vario Micro Cube,
Elementar).
2.4. Electrochemical characterization
The electrochemical performance of S/DPAN/MWCNT compos-
ite cathode was investigated using coin type cells (CR2032), which
were assembled in argon ﬁlled glovebox (MasterLab, MBraun),
using lithium metal discs as both counter and reference electrodes,
porous polypropylene membrane as a separator (Celgard 2400),
and 1 M LiPF6 solution in ethylene carbonate/dimethyl carbonate/
diethylene carbonate (EC:DMC:DEC, volume ratio of 1:1:1, Targray)
as a liquid electrolyte. In all experiments the area of the cathode
was 1 cm2. Cathode was wetted with 30 mL of the electrolyte, a
separator was put on the cathode and more 30 mL of the electrolyte
was added on it. With the sulfur loading of 3 mg cm2 in the free
standing S/DPAN/MWCNT cathode and 2 mg cm2 in the S/DPAN
cathode on Al foil, the electrolyte to sulfur ratio was about 20 and
30 mL g1, respectively. The cells were galvanostatically cycled at
different current densities in a voltage range of 1.0–3.0 V vs. Li+/Li
on multichannel battery tester (BT-2000, Arbin Instruments Inc.).
Speciﬁc capacity and current density were calculated based on the
weight of sulfur in the electrode. Cyclic voltammetry (CV) was
conducted over a potential range from 1 to 3 V vs. Li+/Li at a scan
rate of 0.1 mV s1 and electrochemical impedance spectroscopy
(EIS) measurements were performed over a frequency range from
0.1 Hz to 1.0 MHz (VMP3 potentiostat/galvanostat, Bio-Logic
Instruments). All the electrochemical measurements were carried
out at room temperature. For comparison, a conventional S/DPAN
cathode on a Al foil current collector was prepared and tested
similarly. In this case, 80 wt% of S/DPAN composite, 10 wt% Ketjen
black (MTI, 99.5% purity) and 10 wt% polyvinylidene ﬂuoride
(PVDF, Kynar, HSV900) were dispersed in N-methyl-2-pyrrolidone
(NMP) (Sigma-Aldrich, 99.5% purity). The resulting slurry was
applied onto Al foil using doctor blade technique and then vacuum
dried at 60 C for 12 h.
3. Results and discussion
The cathode for lithium-ion sulfur batteries without current
collector was prepared by ﬁltration of the water suspension
containing MWCNT and S/DPAN composite as illustrated in Fig. 1.
S/DPAN composites with different sulfur contents were prepared
by heat treatment of the S/PAN mixture with weight ratio of 4:1 for
various durations of time. The sulfur content in the S/DPAN
composite decreased with an increase in heat treatment time at
300 C as it is presented in Table 1. Furthermore, sulfur appeared in
two different phase forms, crystalline and amorphous, when its
amount was reduced upon longer duration of heating as it was
found from the XRD studies. Fig. 2 shows the XRD patterns of theTable 1
Sulfur content and phase state in the S/DPAN composite after heat treatment at
300 C for different time.
Heat treatment time, h Sulfur content, wt% Phase state or sulfur
2 63 Crystalline
3 51 Amorphous
4 41 Amorphousstarting materials and prepared composites. MWCNT exhibits a
characteristic diffraction peak at 25.5, which can be indexed as the
C (002) reﬂection of the hexagonal graphite structure. A strong
peak at the 2u=16.5 in the XRD pattern of PAN is due to its
crystallinity. Elemental sulfur shows several characteristic sharp
peaks between 10 and 60, indicating its highly crystalline state. In
case of the S/DPAN composite with a lower sulfur content of 41 and
51 wt%, the characteristic peaks of crystalline sulfur were not
observed, which could indicate that sulfur is amorphous and
homogeneously distributed in the DPAN matrix. The detailed
structure information has been explored and described previously
[33]; however, the sharp peaks of crystalline sulfur with reduced
intensity appear when sulfur content was increased up to 63 wt%,
which is related to the excess sulfur which is not bound with
polymer matrix and remains crystalline on its surface [33]. In the
further experiments, S/DPAN composite with sulfur content of
51 wt% was used to prepare freestanding S/DPAN/MWCNT cathode
composite. It was previously reported in the literature [33] that
50 wt% of sulfur in S/DPAN could be considered as the highest
amount of sulfur, which can be bound within DPAN. As it was
mentioned in the Experimental part, the freestanding S/MWCNT
composite (without DPAN) was prepared in a reference experi-
ment, where ball-milled sulfur dispersion was composited with
MWCNT in the same way as the S/DPAN dispersion. The XRD data
in Fig. 2 show that the diffraction patterns of the S/MWCNT
composite exhibit the peaks of crystalline sulfur.
In order to increase amount of sulfur the content of MWCNT in
the freestanding electrode was varied. It was found that at least
20 wt% of MWCNT is needed to provide mechanical stability and
ﬂexibility to the electrode. Along with this, ultrasonication of the
S/DPAN and MWCNT suspended in water for at least 5 hours was
necessary to achieve good mixing of the components, avoiding
aggregation of MWCNT and insuring formation of a ﬂexible ﬁlm.
The sulfur content in the ﬁnal S/DPAN/MWCNT composite cathode
was 40 wt% as determined by chemical analysis (CHNS). The
uniform distribution of components in the composite was
conﬁrmed by EDS mapping of the elements in the S/DPAN/
MWCNT composite (Fig. 3a,b). One can see that mapping of sulfur,
carbon and nitrogen (Fig. 3b) in the composite indicates that sulfur
is uniformly distributed within DPAN, and the S/DPAN composite is
homogeneously mixed with MWCNT. At the same time, it can be
seen that mixing of sulfur and MWCNT in the freestanding
S/MWCNT is poor; sulfur and carbon are agglomerated in different
parts of the sample (Fig. 3c,d). The freestanding S/DPAN/MWCNT
electrode with 20 wt% of MWCNT was further investigated in this
work.
Comparative investigation of morphology of the freestanding
S/DPAN/MWCNT electrode and the S/DPAN electrode, prepared by
Fig. 3. SEM images of (a) freestanding S/DPAN/MWCNT and (c) S/MWCNT composite cathodes. C, S, N element distributions in (b) S/DPAN/MWCNT and in (d) S/MWCNT.
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SEM and the results are presented in Fig. 4. In both electrodes 100–
300 nm particles of S/DPAN can be observed. In the S/DPAN
electrode, the smaller agglomerated particles of a conductive agent
(KB, 10 wt%) with tens of nanometers in size bridge the bigger
particles of S/DPAN, providing electric conduction between these
composite particles in the electrode. PVDF binder provides
sufﬁcient adhesion between the particles and between the
electrode ﬁlm and the Al current collector. In case of freestandingFig. 4. Low and high magniﬁcation SEM images of (a, c) conventional S/DPAN electrode w
electrode.S/DPAN/MWCNT electrode, particles of S/DPAN are wrapped with
MWCNT, which acts as both conductive agent and binder.
Moreover, the conductive MWCNT acts as a structural interwoven
skeleton supporting the electrode integrity. This enables a binder/
current collector-free electrode preparation and excludes hazard-
ous solvents from this process, which is not possible in a common
slurry casting method of electrode preparation. Composition and
performance comparison of the freestanding S/DPAN/MWCNT
composite cathode and its S/DPAN on Al foil counterpart areith KB and PVDF (wt. ratio 8:1:1) on Al foil and (b, d) freestanding S/DPAN/MWCNT
Table 2
Composition and performance comparison of freestanding S/DPAN/MWCNT composite and S/DPAN on Al foil cathodes.
Cathode Binder Conductive agent Current collector Mass loading of S, mg cm2 Capacitya, mAh g1
Free-standing S/DPAN/MWCNT MWCNT (20%) 3 585
S/DPAN on Al foil 10 wt% 10 wt% 4.2 mg cm2 2 300
a Capacity is calculated based on an electrode weight.
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but has a large surface area, can beneﬁcially replace conductive
agent, binder and heavy current collector.
The S/DPAN/MWCNT composite cathode was examined in Li-S
cells. Fig. 5a presents the initial galvanostatic charge-discharge
proﬁles of the system, which exhibit typical features of a sulfur
based composite cathode. The composite delivers a high discharge
capacity of 1457 mAh g1 in the 2nd cycle of galvanostatic charge-
discharge at 0.2 C. It can be seen (Fig. 5b) that the cell maintains a
reversible capacity of 1250 mAh g1 after 260 cycles showing
excellent capacity retention. Along with this, the S/DPAN/MWCNT
composite cathode exhibits a high coulombic efﬁciency about
100% over a prolonged cycling, which could be due to suppression
of the shuttle effect by the hierarchical mesoporous and macro-
porous structure of the ternary composite, which effectively stores
soluble products of the electrochemical reactions of sulfur. Under
the same conditions, a counterpart system, the S/DPAN cathode on
Al current collector with the sulfur mass-loading of 2 mg cm2,
shows a lower capacity retention after 260 cycles: only 1100 mAh
g1 (Please see the Supplement Information, SI, Fig. S1). This
enhanced electrochemical performance of the freestanding
composite cathode compared with that of the S/DPAN cathode
on Al foil could stem from the presence of MWCNT framework,
which ensures the electrode integrity and its high conductivity.
Freestanding S/DPAN/MWCNT composite cathode has 585 mAh
g1 capacity calculated based on the composite electrode weight as
shown in Table 2. This value is almost double of the capacity of
S/DPAN cathode on Al foil of 300 mAh g1, calculated for the
electrode mass including the weight of current collector. It is also a
better result compared with other freestanding sulfur cathodes,Fig. 5. (a) Potential proﬁles and (b) cycle performance at 0.2 C, (c) initial CV proﬁles (0.1 m
S/DPAN cathode on Al current collector.e.g. a freestanding CNTs-RGO/S cathode composite cathodes with a
capacity of 911.5 mAh g1 (calculated per sulfur) and  483 mAh
g1 (calculated per electrode) [29].
Fig. 5c shows CV curves of the S/DPAN/MWCNT composite
cathode. One can see that at the ﬁst cycle a broad reduction peak at
around 1.6 V vs. Li+/Li could be observed, which shifts to the higher
voltage direction at the following cycle. A pronounced reduction
process and a larger polarization between reduction and oxidation
peaks at the initial cycle could be due to the side reaction of
formation of the solid electrolyte interface (SEI) as reported earlier
[2]. Following cycles show two overlapping and reversible
reduction peaks at around 2.0 and 1.7 V and a broad oxidation
peak at around 2.5 V vs. Li+/Li. It is widely recognized that the ﬁst
small reduction peak at 2.0 V is related to the formation of
polysulﬁdes (Li2Sn, n  4) and the second one at 1.7 V is related to
the further reduction of the polysulﬁdes into lithium sulﬁde (Li2Sn,
n  2).
A rate step-progressive test for the cells with the S/DPAN/
MWCNT freestanding composite cathode and S/DPAN cathode on
Al foil drops has been carried out as presented in Fig. 5d. The cells
were galvanostatically cycled at a current density of 0.2 C for 5
cycles, and then the current density was gradually increased up to
2 C. Stable capacities of 1420, 1310, 1200, and 930 mAh g1 were
obtained for S/DPAN/MWCNT at the current densities of 0.2 C, 0.5
C, 1 C, and 2 C, respectively. When the current density was
decreased to a lower value of 0.2 C, the cells could recover their
initial capacity, presenting capability of these cathodes to tolerate
abuse cycling conditions. The highly conductive MWCNT in
S/DPAN/MWCNT composite improves the active material utiliza-
tion at high cycling rates, and the composite cathode frameworkV s1) and (d) rate capability of cells with S/DPAN/MWCNT freestanding cathode and
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migration. The capacity of S/DPAN cathode on Al foil drops much
faster with the increase in cycling rate, and this current collector
supported composite cathode delivers a capacity of only about 630
and 460 mAh g1 at 1 C and 2 C, respectively. The conductivity is a
key factor in achieving a high rate performance of sulfur cathode.
The EIS measurements of the freestanding S/DPAN/MWCNT
cathode were performed for a fresh cell, at the end of the 1st
discharge, after the 1st charge and at the 50th charge states. The
resulting Nyquist plots are shown in Fig. 6. The fresh cell with S/
DPAN/MWCNT cathode exhibits a Nyquist plot consisting of a
semicircle at a high to medium frequency range followed with a
straight line of the Warburg impedance in the low frequency
region, which is attributed to the bulk diffusion resistance of the
composite cathode [34]. The changes in the Warburg impedance
upon cycling were not signiﬁcant. At the same time, the diameter
of a semicircle at a high to medium frequency range reduces after
the initial cycle compared with that of the fresh cell, indicating an
improved kinetics of the electrode reactions (i.e. enhanced charge
transfer and reduced polarization), which could be attributed to
the development of a conductive SEI layer. These results agree well
with the trends observed for the potential proﬁles and cyclic
voltammetry data (Fig. 5a, c) for the initial cycles, and supports the
suggestion that the initial discharge is accompanied with the side
reactions, leading to a different initial discharge potential curve
and the higher initial discharge capacity due to additional
electrochemical energy consumption. It can be seen that the size
and shape of the EIS spectra does not change much upon further
cycling. It could be suggested that the cell exhibits steady
electrochemical operation with stable interfacial/charge transfer
behavior.
Although the direct and precise quantitative comparison of the
EIS data could be complicated, the measures to keep the geometry
and weight of the electrodes very close to each other could allow
for some comparative analysis of the EIS data [35]. We prepared a
cell with the S/DPAN cathode on Al foil with the measures to keep
as same geometry and weights as possible with that of the
freestanding S/DPAN/MWCNT cathode. The inset of Fig. 6 presents
the comparative EIS data for these cells, and the freestanding S/
DPAN/MWCNT cathode exhibits smaller charge transfer imped-
ance compared with the electrode prepared by slurry casting on Al
foil, which could be attributed to the conductivity enhancement
when highly conductive MWCNT were added to the system. This
additive changes the composite structure and morphology to a
more favorable for charge transfer and conduction. However, it
should be noted that the EIS data for these systems couldn’t be
compared qualitatively due to the differences in structure and
composition of the electrodes.Fig. 6. Nyquist plot of a lithium cell with S/DPAN/MWCNT composite cathode.
Inset: comparison of the impedance spectra of a fresh lithium cell with freestanding
S/DPAN/MWCNT composite cathode and a fresh cell with S/DPAN cathode on Al
current collector.4. Conclusions
In summary, a freestanding S/DPAN/MWCNT ternary composite
cathode with high a sulfur mass loading of 3 mg cm2 was
prepared by a simple vacuum ﬁltration of S/DPAN and MWCNT
aqueous dispersions. The binder/current collector-free electrode
was formed via a combination of the advantages of self-weaving
MWCNT and sulfur-conductive polymer composite. The ternary
composite structure suppresses shuttling of the polysulﬁdes while
maintaining the composite electrode highly conductive. Conse-
quently, the S/DPAN/MWCNT composite exhibits enhanced cycling
and rate performances as a cathode for rechargeable lithium/sulfur
batteries with high sulfur utilization. The freestanding composite
displays remarkably enhanced capacity retention and rate
capability compared with S/DPAN composite cathode on Al foil
obtained by a conventional slurry casting method.
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